In this paper, a double-layered frequency selective surface(FSS) superstrate was built and tested. The unit cell of the proposed FSS consists of a ring slot and a dipole-shaped structure and shows a complementary frequency response. Each unit cell is printed on two sides of a substrate. By using these double-layered structures, the first resonant frequency of the pass-band can be lowered. As a result, the size of the unit cell is minimized and the spacing between the other cells is reduced. The proposed FSS-dipole composite antenna is designed for the gain enhancement of wideband code division multiple access(WCDMA) frequency bands(1.92～2.17 GHz) with a low quality factor(Q=0.17). To verify the gain enhancement performance of the FSS, an FSS-dipole composite antenna was created. Although the FSS layer enhances the gain of the primary radiation source of the dipole antenna, the FSS-dipole complex antenna cannot show a uniform gain over the entire desired frequency band. The experimental results show a gain enhancement of 3 dBi with an FSS superstrate in the WCDMA frequency band.
Ⅰ. Introduction
A frequency selective surface(FSS) over a radiation source is very useful for enhancing the gain of an antenna. Many approaches to achieving gain enhancement have been studied. There are various configurations possible for the design of FSS structures as superstrate layers. In [1] and [2] , metallic strip elements have been used over a patch antenna. Dielectric rods [3] , Fabry-Perot type cavities [4] , and meta-material structures with zero refractive indexes [5] are also used as superstrates. In the microwave region, a defect mode with a high Q can be used as a superstrate to enhance gain [6] . As the element electrical spacing in an FSS increases, its bandwidth becomes narrower and the grating lobes are produced [7] , [8] .
Therefore, element spacing should be made small in terms of wavelength by introducing a smaller FSS unit cell structure. In [9] , to reduce the overall dimensions of the unit cell, the constituting element actually consists of a parallel inductive and capacitive strips properly arranged so that they can be respectively coupled to the magnetic and electric fields of an incident wave.
To reduce the unit cell size, a passive element such as a ceramic chip capacitor can be used [10] . In the design process of an FSS that operates in a frequency range below 3 GHz, the size of an FSS unit cell increases. To reduce the unit cell size and to obtain a compact FSS composite antenna, an alternative design of the unit cell is necessary. In this paper, a double-layered FSS superstrate using the unit cell of a ring slot and a dipoleshaped structure is proposed and a broadband printed dipole antenna [11] is used as the primary radiating source.
The proposed composite of an FSS superstrate and dipole antenna structure is simulated using a 3D field simulation tool, CST MWS(Micro Wave Studio) [12] .
Ⅱ. Design of FSS the Unit Cell
The geometry of the proposed FSS unit cell structure is shown in Fig. 1 . It is designed on a Rogers RO3210 dielectric substrate with a relative permittivity of 10.2 and a thickness of 1.27 mm. It consists of a ring slot and a dipole-shaped structure, which have different transmission characteristics.
The frequency characteristics of the unit cell structure are simulated using a periodic boundary condition(PBC) method, as shown in the right side of Fig. 1 . A unit cell of the structure is placed inside a waveguide with PBC walls; a vertically polarized TEM wave impinges upon this structure.
The transmission coefficients of this structure are then simulated and the frequency response of the infinitely large structure is obtained. By simulating only the FSS Fig. 1 . The geometry of the proposed FSS unit cell structure. unit cell structure rather than the entire FSS structure, the overall simulation process time is reduced and its resonant frequency can be predicted. Fundamentally, a periodic array of ring slots with magnetic currents shows passband transmission characteristics, but a dipoles array with electric currents shows stop-band transmission characteristics. Figs A hybrid of two closely coupled FSSs, whereby a layer of conducting elements(diploes) and a layer of aperture elements(ring slots) are etched on either side of a dielectric substrate may be defined as a complementary FSS(CFSS). The CFSS takes advantage of the interaction between the layers in order to produce strong fields separated by a distinct null; the lower pass-band reso- nance appears at a frequency that is much lower than that of a single layer ring slot array [13] . However, the CFSS is not limited by unit element and a double-layered FSS consisting of a rectangular slot and a ring-shaped element can be used [14] . In this case, a periodic array of annular rings shows stop-band transmission characteristics and a periodic array of rectangular slots shows passband transmission characteristics.
In the design of the FSS unit cell, we use a double-layered structure with a ring slot and a dipole which are put on top of each other so that the resonant frequency of the cell is near a 2 GHz frequency band. A comparison of the simulated frequency responses of the conventional single element and the proposed doublelayered FSS unit cell structure is shown in Fig. 6 . Compared to the ring slot FSS(pass band center frequency≈ 3 GHz), the double-layered FSS with a ring slot and a dipole shows two narrow pass bands resonant frequencies(at ≈2 GHz and ≈4 GHz) separated by a distinct null at the frequency of 2.7 GHz. These changes are directly deduced from the figure since the interlayer coupling accounts for the position of the null as well as its bandwidth [13] . As a result, the size of the doublelayered FSS unit cell structure can be reduced.
The design specification of the FSS-dipole composite antenna for the wideband code division multiple access (WCDMA) system is shown in Table 1 . The FSS superstrate layer is used to operate at a frequency band of 1,920～2,170 MHz. Therefore, the -3 dB pass-band bandwidth of the proposed FSS should be more than 250 MHz. By optimizing the parameters of the unit cell and the distance between the FSS superstrate and ground plane, the bandwidth is increased to 360 MHz and the quality factor Q is lowered to 0.17. The optimized para- 
Ⅲ. Experimental Results
In this paper, a double-layered FSS superstrate consisting of a ring slot and a dipole etched on a dielectric substrate is designed. A cavity resonant antenna in which a broadband printed dipole antenna is embedded in a multilayer structure consisting of a grounded dielectric slab and FSS superstrate is considered. The effect of the air-gap length on the gain of this antenna is shown in Fig. 7 . It is clear that the resonant length necessary for the antenna to produce the wider bandwidth(1.9～2.2 GHz) is h=73 mm. In the design of the FSS superstrate 9×9 unit cells are used. A broadband(1.91～2.27 GHz) printed dipole antenna is used as the primary radiating source. The geometry of the proposed FSS-dipole composite antenna structure is shown in Fig. 8 . Where N is the total number of FSS arrays and h is the optimum resonant air-gap distance from the ground plane to the FSS. The geometry of printed dipole antenna with an integrated balun is shown in Fig. 9 . It is fed by a 50 Ω Fig. 7 . Simulated return loss of the FSS-dipole composite antenna for different air-gap length h. Fig. 8 . Geometry of the proposed FSS-dipole composite antenna structure. nna structure are shown in Fig. 12 .
The measured return loss for the FSS-dipole composite antenna structure is shown in Fig. 13 . Although the FSS superstrate enhances the gain of the primary radiation source of the dipole antenna, it acts as a resonant load. Therefore the input impedance of the dipole antenna is changed. When the dipole antenna is combined with the FSS superstrate, the resonant frequency of the composite antenna is lowered. In order to achieve the best performance frequency tuning of the dipole antenna is needed. The measured radiation patterns and variation of gain of the proposed antenna are shown in Fig. 14 and Fig. 15 , respectively. As shown in Fig. 7 , the reflection coefficient magnitudes of the antenna depend on the air-gap length h. However, the reflection phases of the FSS and ground plane are also changed according to air-gap length h. When the resonant air-gap distance h is 71 mm, the proposed composite antenna can be resonant and shows higher gain compared to a primary radiating source antenna. In this design, the resonant air-gap distance h is chosen as 73 mm. Therefore, two peaks of antenna gain appear at two different frequencies(f≈1.95 and 2.45 GHz), as shown in Fig. 15 . A maximum gain of 10.4 and 10.3 dBi is achieved in the Tx/Rx frequency-band, respectively. As a result, an increased gain of about 3 dBi is obtained.
Ⅳ. Conclusion
In this paper, a double-layered frequency selective surface structure was built and tested. The size reduction of the proposed FSS unit cell structure is obtained by combining a ring slot with a dipole structure, which shows a complementary frequency response. As a result, the size of a unit cell is miniaturized to 0.14 λ0(λ0 refer to the wavelength of 2.14 GHz) and a gain enhancement of 3 dBi is achieved.
